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57 ABSTRACT 

A gas sensor, and its method of manufacture, particu 
larly useful as an exhaust gas sensor for an internal 
combustion engine air/fuel ratio system, is disclosed. 
The sensor is comprised of a sintered ceramic body of 
transition metal oxide, such as titania, and includes a 
pair of spacedapart electrodes. As the partial pressure 
of oxygen in the gas being sensed varies in response to 
variations in the inlet air/fuel mixture ratio, the resis 
tance of the ceramic material varies, The active por 
tion of the sensor body is a substantially uniform body 
of porous ceramic material having a density of less 
than about 85 percent of theoretical density and a 
modulus of rupture in excess of 1 1,000 psi. The sensor 
is fabricated from a very pure transition metal oxide 
powder having a very fine and highly uniform particle 
size. The transitional metal oxide is selected so that 
the operating temperature of the resulting device is 
less than about 75 percent and preferably less than 
about 50 percent of the melting temperature of the 
metal oxide. 

11 Claims, 4 Drawing Figures 

  

  



PATENED JU-3 1975 

SHEET 

RESISTANCE 
SENSOR 

3,886,785 

22 (122 
24 

  

  

  



PATENTED JUH3 1975 3,886,785 
SEE 2 

F C. 4 

5 O 5 2O 25 3O 

EQUIVALENT SPHERICAL DIAMETER (MICRON) 

  



3,886,785 
. . . . . . . 1 

GAS SENSOR AND METHOD OF MANUFACTURE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation-in-part of our co 
pending, commonly assigned patent application, now 
abandoned, Ser. No. 391,424 filed Aug. 23, 1973 and 
titled “Method of Manufacture of an Exhaust Gas Sen 
sor for an Air-Fuel Ratio Sensing System' which is a 
continuation of patent application Ser. No. 198,515 
filed Nov. 15, 1971, now abandoned. 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 

The present invention is related to the field of gas 
sensing devices and more particularly to that portion of 
the above-noted field concerned with electrical resis 
tive devices whose resistance varies as a gas to which 
it is exposed varies. More particularly still, the present 
invention is related to that portion of the above-noted 
field concerned with ceramic gas sensing devices whose 
internal resistance varies in response to variations in 
the partial pressure of oxygen in the gaseous environ 
ment surrounding the device. 

2. Description of the Prior Art 
The temperature of the exhaust, gases leaving the 

combustion chambers of reciprocating internal com 
bustion engines is proportional to the amount of com 
bustion taking place within the engine and this relation 
ship has been used in aircraft for indicating the air-fuel 
ratio of the combustible mixture being supplied to the 
engine. Subsequent investigations showed that the ther 
mal conductivities of various exhaust gas components 
could be used to indicate the proportion of such com 
ponents in the exhaust gases. These investigations pro 
duced systems of the resistance bridge type that com 
pared the thermal conductivity of the exhaust gases 
with known gas mixtures to indicate either air-fuel ratio 
or the combustion efficiency of the engine. 
Recent interest in improving the environment by di 

minishing the quantity of undesirable components in 
the exhaust gases of automotive engines has accentu 
ated investigations into systems for monitoring continu 
ously the air-fuel ratio of combustible mixtures. These 
investigations have led to numerous refinements of the 
thermal conductivity system. For example, it was found 
that thermal conductivity varies almost linearly with 
the carbon dioxide content of the exhaust gases and 
carbon dioxide content in turn is proportional to the 
air-fuel ratio. Subsequently it was found that the ther 
mal conductivity of the exhaust gases is a function of 
both the carbon dioxide content and the hydrogen con 
tent. Other approaches involved combining thermal 
conductivity devices with exhaust gas temperature de 
WCCS. 
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Systems have been suggested for determining the air 
fuel ratio of the mixture supplied to a combustion 
mechanism by detecting directly the oxidation 
reduction characteristics of the exhaust gases. The sys 

60 

tem comprises a sensing member that is located in 
contact with either the air-fuel mixture supplied to the 
combustion mechanism or the exhaust gases leaving 

each other by at least a portion of the sensing member 
are attached to the member and to an electrical or elec 

65 the mechanism. Two electrodes spaced apart from 

2 
tronic device for sensing the electrical resistance across 
the electrodes. The electrical resistance is proportional 
to the equilibrium oxygen pressure of the gaseous mix 
ture in contact therewith and resistance measurements 
can be converted directly into the air-fuel ratio of the 
mixture supplied to the combustion mechanism. 
Equilibrium oxygen pressure is the partial pressure of 

the oxygen in a gaseous mixture when the mixture is 
brought to complete chemical equilibrium. The system 
would thus measure equilibrium oxygen pressure of a 
gaseous mixture even though the gaseous mixture is not 
at chemical equilibrium, i.e., even though the actual 
partial pressure of the oxygen exceeds the partial pres 
sure that would be present at equilibrium. 
Sensing members for the air-fuel ratio control sys 

tems are preferably located in the exhaust gases leaving 
the combustion mechanism because the exhaust gases 
approximate more closely the desired operating tem 
peratures of the members and do not contain any unva 
porized fuel. The system is useful particularly in mea 
suring and controlling the air-fuel ratio of the combus 
tible mixture being supplied to an internal combustion 
engine. 
The sensing member preferably is a relatively thin 

plate made from sintered particles of the desired metal 
compound. Useful metal compounds containing oxy 
gen atoms and having at least two oxidation states of 
the metal of approximately equal energies include tran 
sition metal oxides such as titanium dioxide, vanadium 
oxide, chromium oxide, manganese oxide, iron oxide, 
nickel oxide, cobalt oxide, and rare earth metal oxides 
such as cerium oxide, praseodymium oxide, etc. Oxides 
of the metals are preferable because the ceramic prop 
erties thereof provide relatively long useful lives at 
higher operating temperatures and of the inherent pres 
ence of oxygen atoms. Other compounds and mixtures 
of the oxides with each other and with the other com 
pounds also can be used. Energies of the two oxidation 
states of the metals must be sufficiently close to permit 
reversal by changes in the equilibrium oxygen pressure 
of the gases at operating temperature. Simple empirical 
tests may be used to determine the required relation 
ship. The electrodes are attached to a surface of the 
plate or embedded within the plate. One preferred con 
struction involves sandwiching the electrodes between 
two green ceramic plates and firing the assembly into 
a unitary structure. 
Maintaining the sensing member within a relatively 

broad temperature range, typically about 600-900°C., 
produces adequate indications of the air-fuel ratio sup 
plied to an engine despite the fact that temperature var 
iations change the resistance between the electrodes. 
Temperatures below 600°C. tend to coat the member 
with soot and other particulate impurities while tem 
peratures above 900°C. tend to decrease overall life. 
Accuracy improvements are achieved by associating a 
controlled electrical heater with the sensing member to 
maintain its temperature within a narrower range. A 
highly useful structure involves a sandwich made of 
three green ceramic plates with the electrodes between 
an outer plate and the middle plate and an electrical re 
sistance wire between the middle plate and the other 
outer plate. A thermocouple for temperature control 
can be embedded with either the electrodes or the re 
sistance wire. 

It is believed that the metal ions of the metal com 
pounds are reduced or oxidized from one oxidation 
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state to the other in proportion to the reducing or oxi 
dizing nature of the exhaust gases. In the case of tita 
nium dioxide molecules, for example, reduction frees 
an electron that conducts current much more readily 
and thereby reduces the resistance of the portion of the 
ceramic material located, between the electrical leads. 

In order for the sensing member to operate effec 
tively in the automotive environment the sensing mem 
ber must be capable of withstanding the temperature 
extremes and the thermal cycling normally encoun 
tered in the exhaust system and must demonstrate a re 
sponse time which is at least as rapid as the response 
time demonstrated by the slowest engine component or 
by the transport properties of the fluid medium and the 
engine. For example, the sensor must demonstrate a re 
sponse time no slower than one second, and preferably 
on the order of about 0.1 second or faster, in recogniz 
ing and responding to a change in the exhaust gas 
chemistry. 
Ceramic materials are generally recognized as being 

compatible with the temperature extremes and the 
temperature excursions normally encountered in the 
engine exhaust system. In order to demonstrate the req 
uisite service life requirement, however, the sensor re 
sponse must not vary noticeably over its service life. 
This requires that the ceramic be chemically stable and 
not demonstrate substantial grain growth during its ser 
vice life since this would alter its electrical properties. 
Furthermore, the ceramic material must demonstrate 
substantial strength since the automotive exhaust sys 
tem environment is a mechanically harsh environment 
wherein substantial stressing through vibration and 
thermal shock and cycling may be encountered. It is 
therefore an object of the present invention to provide 
a ceramic sensor suitable for use in the exhaust system 
of an automotive vehicle internal combustion engine. 
In order to provide a suitable sensor, the ceramic used 
must be sufficiently porous that the exhaust gases will 
readily permeate the sensor, while the sensor must be 
sufficiently strong to withstand the exhaust environ 
ment. It is therefore a specific object of this invention 
to provide a partial pressure of oxygen sensor having 
high porosity and improved strength. More particu 
larly, it is an object of this invention to provide a ce 
ramic, resistive type partial pressure of oxygen sensor 
having high porosity and improved strength. Our 
above-noted co-pending applications describe a 
method of forming a ceramic exhaust gas sensor in the 
form of a substantially uniform and solid pellet of ce 
ramic material which is capable of withstanding the au 
tomotive environment. The sensor theredescribed 
demonstrates a strong switching characteristic, that is, 
the resistance of the ceramic body varies over a wide 
range, as the air-fuel ratio of the combustion mixture 
varies slightly from the stoichiometric ratio. Such a sen 
sor is of great utility when it is desired to operate the 
associated engine at the stoichiometric mixture ratio. 
However, nonstoichiometric operation of the associ 
ated engine causes the sensor to operate in a region of 
resistances where the changes of resistance in response 
to mixture ratio changes is slight and approximately lin 
ear. Sensors fabricated in accord with the broad teach 
ings of the above-noted applications do not provide suf 
ficiently repeatable results. It is therefore a specific ob 
jective of the present invention to provide an improved 
porous transition metal oxide ceramic sensor capable 
of reliable operation at nonstoichiometric mixture ra 
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4 
tios. It is also an object of the present invention to pro 
vide a ceramic exhaust gas sensor which provides re 
peatable results, from sensor to sensor and during the 
life of any one sensor, when the air-fuel ratio is desired 
to be nonstoichiometric. It is a still further object of the 
present invention to provide such a sensor which has a 
response time of less than one second. 
The exhaust gas sensor described in the above-noted 

patent applications has many desirable attributes. For 
example, with the exception of the various electrical 
wires and electrodes it is a porous, relatively small ce 
ramic mass capable of being formed in various sizes 
and configurations. It does not require the use of any 
dissimilar materials such as housing, substrate, or inter 
spersed particles. It is also fully immersed in the gas 
being sensed and does not require exposure to a refer 
ence. It is therefore a further object of the present in 
vention to provide a sensor having the hereinbefore 
mentioned objects and having the further object of 
being comprised of an essentially uniform and porous 
ceramic body. It is also an object of the present inven 
tion to provide a method of producing such a sensor. 
SUMMARY OF THE PRESENT INVENTION 

We have found that suitable ceramic sensor materials 
require a transition metal oxide having a melting tem 
perature which is at least 133 percent and preferably at 
least 200 percent of the expected operating tempera 
ture and being capable of forming a thin ceramic pellet 
with a modulus of rupture (MOR) in excess of 1 1,000 
psi. Furthermore, the pellet must also have a density of 
from about 72 percent to about 85 percent of its theo 
retical density and a porosity such that the average 
open-pore diameter is from about 0.4 to about 0.7 of 
a micron with a total open pore volume of from about 
0.04 to about 0.1 cubic centimeters per gram. Values 
outside of these ranges result in fabrication problems 
and/or in operational inadequacies such as short opera 
tional life or slow response time. 
The ceramic sensor material having these properties 

is fabricated from an essentially pure and substantially 
uniformly sized powder any one particle of which is 
smaller than 20 microns at its maximum dimension. In 
the case of multiphase materials such as titania the 
powder is at least 80 percent comprised of the high 
temperature stable phase. The material is mixed with 
an organic binder?solvent system having high viscosity 
so as to result in a nonflowable slurry which is then 
formed into a thin sheet of material. The slurry is dried 
to remove the solvent thereby producing the "green ce 
ramic.' The suitable sensor shapes are formed from the 
green ceramic and are assembled with suitable electri 
cal leads and wires to form a composite and the com 
posite structure is thereafter fired into a unitary body. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic illustration of a reciprocating 

internal combustion engine showing the installation in 
the exhaust pipe of a sensing member of this invention. 
FIG. 2 is a schematic plan view of a disc-shaped sens 

ing member of this invention showing the electrical 
connections thereto. 

FIG. 3 is a sectional elevation of the disc-shaped 
sensing member of FIG. 2 showing the disposition of 
the electrodes, an electrical resistance heating wire, 
and a thermocouple in a sandwich construction. 
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FIG. 4 is a graph illustrating powderparticle size con 
tent of four ceramics tested in developing the sensor of 
the present invention and its new method of manufac 
ture. 

DETAILED DESCRIPTION 

Referring to FIG. 1, a reciprocating internal combus 
tion engine 10 includes an intake manifold 12 for deliv 
ering an air-fuel mixture to the engine combustion 
chambers (not shown) and an exhaust manifold 14 for 
removing the combustion products from the combus 
tion chambers. A carburetor 16 is attached to the in 
take manifold and an air cleaner 18 is attached to the 
air inlet of carburetor 16. Carburetor 16 receives fuel 
from a fuel source (not shown), produces an air-fuel 
mixture and supplies the air-fuel mixture to intake 
manifold 12. 
Exhaust manifold 14 is connected to an exhaust pipe 

20. Threaded into the wall of exhaust pipe 20 is a plug 
shaped member 22 comprising a disc-shaped ceramic 
sensing member 24 according to the present invention. 
Three sets of electrical leads 26, 27 and 28 extend from 
the top of plug-shaped member 22. 
Turning to FIGS. 2 and 3, sensing member 22 com 

prises a sandwich of three thin ceramic plates 30, 32 
and 34. A length of electrical resistance wire 36 is sand 
wiched between plates 30 and 32. Two electrodes 38 
and 40 and a thermocouple 42 are sandwiched between 
plates 32 and 34. Electrodes 38 and 40 are spaced 
apart a considerable distance as shown in FIG. 2. The 
entire sandwich is fired into a unitary structure by con 
ventional ceramic firing techniques. 

Electrical leads 26 connect electrodes 38 and 40 to 
an electrical resistance sensor 44 as shown in FIG. 2. 
Leads 27 connect the ends of resistance wire 36 to an 
electrical power supply 46 and leads 28 connect ther 
mocouple 42 to a control circuit 48 located between 
the power supply and one end of the resistance wire. 
Each of plates 30, 32 and 34 consists essentially of a 

transition metal oxide ceramic with the one presently 
preferred being titanium dioxide. Each plate has a final 
thickness of about 0.008 inch and a diameter of about 
0.25 inch. The plates are made by a cast tape process 
that comprises casting a titanium dioxide slurry onto a 
plastic carrier tape, evaporating the vehicle from the 
slurry, stripping the plastic tape and punching discs 
from the remaining green ceramic layer. The process is 
given in greater detail hereinbelow. 
Resistance wire 36 typically is made of platinum al 

loyed with about 13 percent rhodium and is about 
0.008 inches in diameter. Electrodes 38 and 40 typi 
cally are made of platinum and are about 0.008 inches 
in diameter. Thermocouple 42 is a gold-palladium 
platinum and gold-palladium combination. The green 
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plates, resistance wire, electrodes and thermocouple 
are sandwiched together as shown and isostatically 
pressed. After pressing, the assembly is fired to form a 
unitary body. 
The resulting disc is installed in the exhaust conduit 

of a reciprocating internal combustion engine where 
exhaust gases will heat the disc to about 700°C. When 
the engine is supplied with an air-fuel mixture of about 
i3:1, the resistance across the electrodes is about 5 
ohms. Changing the air-fuel ratio to 14:1 without 
changing any other engine parameters increases the re 
sistance to about 10 ohms. An air-fuel ratio of 15:1 pro 
duces a resistance of 20,000 ohms. It will be appreci 
ated that these values are intended to be illustrative and 
that Specific values will depend on the configuration of 
the ceramic body as well as the electrical properties of 
the ceramic and the process of fabrication. 
Actual values of electrical resistance depend also on 

the distance between the electrodes and temperature. 
These factors tend to shift the entire resistance vs. air 
fuel ratio curve without affecting significantly the 
shape of the curve. Resistance changes rapidly in the 
vicinity of the stoichiometric air-fuel ratios and consid 
erable temperature variations can be tolerated when 
measurements are being made in that vicinity. Resis 
tance values change much more slowly at ratios away 
from Stoichiometric and the present invention provides 
a Sensor having much more reliable and predictable 
values for non-stoichiometric operation of the engine. 
A wide variety of materials can be used to make the 

electrodes, resistance wire and thermocouple used in 
the Sensing member. The sensing member also can be 
formed in a wide variety of sizes and shapes including 
cylinders, squares, rectangles, etc. However, care 
should be taken to match, as closely as possible, the co 
efficients of thermal expansion. 

In fabricating sensors according to the present inven 
tion very pure titania powder was obtained through 
normal commercial channels from Cerac Pure, Inc. 
Such powders are normally at least about 99.5 percent 
pure titania (TiO2). As titania has two phases, the ana 
tase and the rutile and the rutile phase represents the 
high temperature stable phase, the anatase phase ma 
jority material was calcined and ball milled to produce 
powder having small particle sizes and with the major 
ity being rutile phase material. Calcining also improves 
the purity of the powder by volatilizing any volatilizable 
impurities. Table I sets forth the processing steps in 
order to achieve the conversion and also sets forth the 
weight percentages of the rutile verses the anatase 
phase in each of the samples A, B, C and D. Table I also 
sets forth the powder sizes and distributions for each of 
these test samples. 

TABLE I 
Lot A lot B Lot C Lot D 

Raw Material Titania, Titania, Titania, Titania, 
95% anatase 85% rutile 95% anatase 95% anatase 

Calcining Cycle 2 hrs, at None 2 hrs. at 2 hrs, at 
200°F. 200°F. 2500F. 

Milling Time 16 hrs. None 5 hrs. 5 hrs, 
Phase Composition 
(after calcining) 
Wt Rutile 80 85 85 O 
Wt %. Anatase 20 5 5 O 
Particle Size (wt%) 
(see FIG. 1) 
44 microns 100 100 100 100 
20 do. 00 88 100 100 
10 do. 98 64 99 79 
5 : do, 82 50 80 35 
2 do. 42 32 45 13 

0.5 do. 7 5 3 6 
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The processed powders were then ball milled with an 
organic binder solution to form a slurry and were there 
after formed into a tape or sheet of material. A repre 
sentative composition of a ball mill organic binder sys 
tem is presented in Table II. After milling, the slurry 
was deaired and cast to form a sheet or tape of mate 
rial. In this instance a doctor blade was used to control 
the thickness of the tape to yield a thickness of approxi 
mately 15 mils when air dried. 

TABLE II 

Material Wt. 26 

Ceramic 45.3 
Solvent 41.0 
Wetting Agent 0.2 
Binder 6.2 
Plasticizer 7.3 

The sensors were fabricated by taking two pieces of 
the ceramic tape and coating them with a small amount 
of solvent to develop a tackiness on the surface. The 
pieces were placed together and laminated using an 
8,000 pound uniaxially applied load and thereafter 
small disc shapes were punched from the laminate with 
a standard paper punch. The size was merely for conve 
nience and of course other sizes and shapes are con 
templated. Platinum heater wires were fabricated by 
bending 8 mil wire around stationary pins to form an 
“M” type configuration. This configuration allows sub 
stantially uniform heating of the pellet shaped sensor. 
A light application of solvent was applied to the surface 
of one ceramic disc and a heater was lightly pressed 
into the surface. A second disc was placed on top of the 
heater and the unit was lightly pressed together to form 
a heater pellet. To assure uniform heating for purposes 
of deriving test data, two of these heater pellet assem 
blies were used to provide a uniform temperature 
across the sensor pellet although in practice a single 
heater mechanism as shown in FIG. 3 will be sufficient. 
A thermocouple and a pair of spaced apart electrodes 
were placed on one of the heater pellet assemblies and 
given a light coat of solvent. A second heater pellet as 
sembly was placed on top of the first and the total sen 
sor assembly was lightly pressed and allowed to dry at 
room temperature for approximately 30 minutes. The 
sensor assembly was placed in a rubber sack which was 
then sealed and placed in the oil chamber of an iso 
static press and pressed at 1,000 psi to insure good 
contact between the various components of the sensor 
assembly and between the powder particles of the ce 
ramic. 
The sensor assembly was covered with titania coated 

paper to protect it from contamination. It was then 
placed in an oven and heated at 150F. for 12 hours. 
The temperature was then raised to 285F. and a vac 
uum of 27 inches of mercury was pulled on the oven. 
The assembly was left in vacuum for 12 hours. The vac 
uum bakeout removes the volatile substances, that is 
the solvents which may cause bubbles within the sensor 
assembly during the sintering process. After bakeout, 
the organic binder and nonvolatilizable plasticizer con 
stitute less than about 20 percent of the green pellet as 
sembly. 
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8 
The paper package containing the sensor was then 

placed in a kiln and the temperature raised to the sin 
tering temperature for a time period sufficient to ac 
complish maturing, that is initial or partial sintering, by 
firing to a pyrometric cone equivalent number 9. The 
actual temperatures used were 2,200F. and 2,300F. 
for sensors from each. 
The material identified by the designation D was 

found to produce unsatisfactory sensors due to the fact 
that a large amount of cracking occurred during the fir 
ing phase. It is believed that this cracking occurred be 
cause the size range and distribution of particles in 
cluded within the D material was too great when con 
sidering the small thickness of the ceramic. The com 
pleted sensors using the A, B and C materials were then 
tested for performance by placement in an atmosphere 
which approximated the exhaust gas environment of an 
automobile. The gaseous constituents of the test atmo 
sphere were varied and the electrical resistance 
changes of the sensors were measured in terms of the 
time lag demonstrated by the sensors in response to 
changes in the gaseous atmosphere. The sensors fabri 
cated from the materials identified as A and C were 
found to yield acceptable performance results in terms 
of repeatability for any one sensor and in terms of the 
time response to changes in the gaseous atmosphere. 
However, the sensors fabricated from material B were 
found to change in response to changes in the gaseous 
environment with a time lag several multiples of the 
time lag experienced by the A and C sensor materials. 
This time lag is believed to be the result of increased 

gas penetration time, that is, the time required for the 
gas to permeate the pores of the sensor so as to change 
the sensor resistance. Only open pores were considered 
in making these measurements. Table III gives the aver 
age pore diameter and total pore volume for sensors 
fabricated from the A, B, C and D materials for two fir 
ing temperatures. Since the B material devices were 
much slower responding, it appears that the figures 
given in Table IIl for the B material sensors represent 
values below the minimum values. 

TABLE III 

OPEN PORE VOLUME AND AVERAGE OPEN PORE 
SIZE OF TETANIA 

Lot Sintering Average Pore Diameter Total Pore 
Temp. (F) (microns) Volume (cc/gm) 

A 2200 0.59 059 
A 2300 0.65 042 
B 2200 0.35 .036 
B 2300 0.25 033 
C 2200 0.42 .069 
C 2300 .0.42 .050 
D 2200 1.90 178 
D 2300 2.30 57 

From the Table Ill figures, it appears that the mini 
mum average pore diameter must be about 0.4 microns 
while minimum total pore volume must be about 0.04 
cubic centimeters per gram. While decreased response 
time and increased sensitivity are believed to be di 
rectly controlled by porosity and sensors fabricated 
from the D material had the largest total open pore vol 
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ume and the largest open pore diameter, the inability 
of these sensors to resist cracking and fracturing during 
firing and/or during testing renders the D material sen 
sors of little or no practical value. Cracking and frac 
turing is believed to be caused by nonuniform grain 
growth within the ceramic. Since the high values of av 
erage open pore diameter and total open pore volume 
can be directly related to the grain size and grain pack 
ing, it appears that, at least for the small pellet-type 
sensors described hereinabove, maximum values of av 
erage open pore diameter and total open pore volume 
intermediate the smallest values for the D material and 
the largest values for the A and C material sensors are 
required. Values of average open pore diameter less 
than about 0.7 microns and of total open pore volume 
less than about 0.1 cubic centimeters per gram are be 
lieved to be appropriate. 
Examination of the particle size distribution figures 

from Table I provides information to explain the differ 
ing porosities. The sensors fabricated from materials A 
and C had powders which were smaller than 20 mi 
crons with 75 percent of the powder being finer than 
5 microns and at least 90 percent sized between 10 and 
0.5 microns while the B material did not meet any of 
these criteria and the D material satisfied only the crite 
ria pertaining to the largest permissible particle. It is 
thus apparent that generalized criteria can be ex 
pressed. Firstly, the powder particles must be very 
small and secondly, the particle size distribtuion must 
also be small. A wide range of sizes is exhibited by both 
the B and D materials and it was determined that nei 
ther was suitable. 
With reference to Table IV, it can be seen that the D 

material sensors had the lowest density further suggest 
ing good porosity which is varified by Table III. How 
ever, the failure to have a narrow particle size distribu 
tion made the sensors, in the small configuration conso 
nant with good heat-up time and fast response time, im 
possible to fabricate. Conversely, the B material sen 
sors were too dense to respond rapidly to changes in 
the gas sample. 

TABLE IV 

DENSITY OF TITANA 

Lot Firing Temp. (F.) % Theoretical 

A 2200 80.2 
A 2300 850 
B 2200 86.9 
B 2300 87.8 
C 2200 77.6 
C 2300 82.6 
D 2200 57. 
D 2300 60.2 

Referring now to FIG. 4, a graph illustrating the par 
ticle powder size content and distribution for sensors 
fabricated from the Lot A, B, C and D materials is 
shown. This graph is taken from the data of powder 
particle size content and distribution given in Tablel I 
and graphically illustrates the differences in powder 
particle size content of the four lots of ceramic mate 
rial. The two curves identified as 50 and 52 represent 
the materials of Lots A and C respectively. The sensors 
fabricated from these materials produced the best over 
all results both from a performance and from a fabrica 
tion view point. These curves peak at a very high per 
centage value of about 75 percent particle size being 
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10 
about 5 microns equivalent spherical diameter. The 
curves thereafter drop off rapidly and reach a zero per 
centage content at a valaue between 15 and 20 microns 
equivalent spherical diameter. The Lot D material is 
represented by curve 54. This material demonstrated 
the highest porosity and also demonstrated cracking 
and fracturing during firing and use. This curve 54 dif 
fers markedly, having a much lower peak percentage 
value, in the neighborhood of 50 percent, at a particle 
size between 5 and 10 microns equivalent spherical di 
ameter. This demonstrates that the particle size content 
of the Lot D material was fairly uniformly distributed 
over a range of particle sizes running from about 10 mi 
crons equivalent spherical diameter down to a value of 
about 2 microns equivalent spherical diameter. While 
this material would demonstrate a packing such that a 
large number of voids and pores could be expected, 
under grain growth conditions it would be expected 
that the larger grains formed, for example, from the ten 
micron particle size material or larger would grow at 
the expense of the smaller grains of ceramic formed 
from the particles having a particle size of two microns 
or less. This growth would tend to fill the pores or voids 
and would also tend to cause uneven internal stressing 
to produce the observed cracking or fracturing. 
The Lot B material demonstrates a curve 56 which is 

somewhat similar to the curves 50, 52 in that it has a 
peak value in the same range of particle sizes as demon 
strated by these curves but the Lot B material con 
tained a considerable percentage of particles whose ini 
tial size was 7 microns equivalent spherical diameter or 
larger and in fact contained particles larger than 30 mi 
crons equivalent spherical diameter. This material 
demonstrated the least amount of porosity and also 
demonstrated the greatest response time which ren 
dered it unsuitable for an automotive environment. 
This is readily explained when one considers that any 
voids or pores which would be formed adjacent the 
large diameter particles would be readily filled by the 
small diameter particles which were reasonably abun 
dant in this material. From a consideration of data of 
Table I and the graphical representation of this data 
presented in FIG. 4, one can readily see that in order 
to provide a ceramic material suitable for use in the 
method of the present invention and in fabricating a 
sensor according to the present invention, the initial 
particle powder size must contain a very high percent 
age of particles situated in a very narrow range of parti 
cle sizes. 
From the above data it can be seen that extremely 

fine powders in a narrow particle size range, formed 
from primarily single high temperature stable phase 
crystal material with controlled high purity produce a 
superior exhaust gas oxygen sensor. The resultant sen 
sor has a closely controlled porosity which is achieved 
by avoiding the mixing of particle sizes which the con 
ventional ceramic processing stresses. These exhaust 
gas oxygen sensors have a controlled pore size distribu 
tion and large total pore volume as is required to 
achieve rapid gas exchange rates, high sensitivity and 
rapid response to exhaust gas oxygen concentration 
changes. Concurrently, by having an MOR in excess of 
1 100 psi, the sensor provides adequate thermal and 
mechanical shock resistance and sufficient resistance 
to hydrothermal corrosion to allow trouble free opera 
tion in the relatively hostile automotive exhaust gas en 
vironment for a considerable period of time sufficient 
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to allow several tens of thousands of miles of operation 
without requiring alteration or replacement of the sen 
SO. 

ln order to achieve the high mechanical strength re 
quirements, the particle-to-particle bond strength must 
be maximized while limiting the mass transfer between 
adjacent grains of the ceramic material. This requires 
a green ceramic having the maximum possible porosity 
when all particles are just touching one another and a 
well-controlled firing process. This produces what may 
be a conveniently viewed as a mass of essentially spher 
ical particles each having approximately the same di 
ameter in a closely packed environment with the points 
of contact between adjacent spheres being sintered to 
form a continuous though porous body. 
We claim: 
1. A sensor for sensing the partial pressure of oxygen 

comprising: 
a porous, sintered ceramic sensor body having a 
modulus of rupture greater than about 11,000 psi; 

a pair of electrodes embedded in said body and 
spaced apart so that at least a portion of the sensor 
body is interposed between said electrodes; 

and electrical means connected to said pair of elec 
trodes for responding to changes in the inter 
electrode resistance; 

said porous sensor body being comprised of ceramic 
material having a density less than about 85% of 
theoretical density. 

2. The sensor of claim 1 wherein said porous sensor 
body is comprised of ceramic material having a density 
greater than about 72 percent of theoretical density. 

3. A sensor for sensing the partial pressure of oxygen 
comprising: 
a porous, sintered ceramic sensor body having a 
modulus of rupture greater than about 11,000 psi; 

a pair of electrodes embedded in said body and 
spaced apart so that at lease a portion of the sensor 
body is interposed between said electrodes; 
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12 
and electrical means connected to said pair of elec 
trodes for responding to changes in the inter 
electrode resistance; 

said sensor body being comprised of matured powder 
material having a purity of at least 99.5 percent and 
a powder particle size which is less than about 20 
microns in equivalent spherical diameter. 

4. In a gas sensor for sensing the partial pressure of 
oxygen in a gas of the type having a pair of electrodes 
embedded in a substantially solid ceramic body, the im 
provement wherein said ceramic body is porous, is ex 
posable to the gas and said ceramic body has a density 
less than about 85 percent of theoretical density, an 
open pore diameter of from about 0.4 microns to about 
0.7 microns and an open pore volume of from about 
0.04 cc/gm to about 0.1 cc/gm. 

5. The sensor of claim 4 wherein said porous ceramic 
body has a density greater than about 72 percent of 
theoretical. 

6. The sensor of claim 5 wherein said porous ceramic 
body is comprised of titania and has a modulus of rup 
ture greater than about 1 1,000 psi. 

7. The sensor of claim 5 wherein said porous ceramic 
body consists essentially of titania and has a modulus 
of rupture greater than about 1 1,000 psi. 

8. The sensor of claim 4 wherein said sensor body is 
comprised of matured particles of a transition metal 
oxide powder, the powder being comprised of 100 per 
cent-20 micron particle. 

9. The sensor of claim 8 wherein at least about 90 
percent of the particles of the powder are sized be 
tween 10 and 0.5 microns. 

10. The sensor of claim 8 wherein at least about 75 
percent of the particles of the powder are smaller than 
about 5 microns. 

11. The sensor of claim 10 wherein at least 90 per 
cent of the particles of the powder are sized between 
10 and 0.5 microns. 
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